As interest for clean renewable electric power technologies grows, a number of parabolic trough power plants of various configurations are being considered for deployment around the globe. It is essential that plant designs be optimized for each specific application. The optimum design must consider the capital cost, operations and maintenance cost, annual generation, financial requirements, and time-of-use value of the power generated. Developers require the tools for evaluating tradeoffs between these various project elements. This paper provides an overview of a computer model that is being used by scientists and developers to evaluate the tradeoff between cost, performance, and economic parameters for parabolic trough solar power plant technologies. An example is included that shows how this model has been used for a thermal storage design optimization.
INTRODUCTION
The National Renewable Energy Laboratory 1 (NREL) currently leads the research and develoment (R&D) efforts on parabolic trough solar power technology within the U.S. Department of Energy's (DOE) Concentrating Solar Power (CSP) program. DOE supports the use of systems-driven analysis for evaluation of technologies and supporting R&D decisions. NREL has developed a parabolic trough simulation model that allows a detailed performance, cost, and economic assessment of design and technology variations. NREL uses this model to help direct R&D efforts in the parabolic trough program. This paper provides an overview of this model and presents an example of its use.
Performance Prediction
Because solar plants rely on an intermittent fuel supplythe sun-it is necessary to model the plant's performance on an hourly (or finer resolution) basis to understand what the annual performance will be. A number of proprietary computer performance simulations have been developed for modeling the performance of parabolic trough plants. Luz International Limited developed an hourly simulation model that was used to help design the SEGS plants [1] . Flabeg Solar International (FSI, known as Pilkington Solar International and Flagsol before 1995) developed a performance simulation model to market parabolic trough plants and conduct design studies for clients [2] . KJC Operating Company (KJCOC), the operator of SEGS III-VII, has developed an hourly simulation code for assessing the performance of its plants [3] . This model is very specific to the 30-MWe plants at Kramer Junction and the needs of the operating company. As a result, it has limited capability for modeling different plant configurations. The German research laboratory Deutsches Zentrum fur Luft-und Raumfahrt e.V (DLR) has also developed a performance model for parabolic trough plants [4] . All of these codes are proprietary and are not generally available to the general public.
DLR and Sandia National Laboratories (SNL) have developed a special library for use with the TRNSYS thermal simulation software, to model parabolic trough solar power plants [5] . TRNSYS is a commercially available software package and is very suited for modeling complex systems, such as parabolic trough power plants. Unfortunately, TRNSYS requires very detailed input data to get results that accurately reflect expected plant performance. In addition, TRNSYS only calculates plant performance, thus economic trade-off studies must be iterated between TRNSYS and a separate economics model.
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NREL has developed a spreadsheet-based parabolic trough performance and economics model. The model has been developed in Microsoft Excel® spreadsheet program. The spreadsheet is used for data input and output. The model uses the Visual Basic for Applications language built into Excel for programming the hourly performance simulation. One of the advantages to this approach is that users do not require special software to use the program. A key feature of the NREL model is that capital cost, operation and maintenance (O&M) cost, and financial calculations have been added directly to the model, which allows the plant design configurations to be more easily optimized. The model performs a time-step performance simulation based on plant design and a user-supplied operating strategy. The parabolic trough solar technology is modeled using the methodology developed by Stine and Harrigan [6] . The model is capable of modeling a Rankine-cycle parabolic trough plant, with or without thermal storage, and with or without fossil-fuel backup.
The NREL trough performance model has been validated by simulating the performance of the SEGS VI power plant and comparing the modeled output results with actual plant operating data. The closeness of such a comparison reflects the accuracy and applicability of the model. The validation presented here focuses on the solar portion of the plant and excludes days with fossil-fuel operation. We compared the actual and modeled daily gross solar electric production and parasitic electric consumption. KJC Operating Company (the operator of the SEGS III-VII plants) provided NREL with data for hourly direct normal insolation, daily total plant solar and fossil-fuel gross electric generation, and on-line and off-line parasitic electric consumption for the SEGS VI plant during 1999. The SEGS VI plant was selected because its solar field is composed of LS-2 parabolic trough collectors and its power cycle is the more advanced re-heat turbine, which uses the higher solar field operating temperature 735°F (391°C) that would likely be used at future plants.
The model input parameters were set up for the SEGS VI plant. Special considerations for SEGS VI include:
• Correcting for half-cermet and half-black chrome HCEs • Accounting for actual solar field collector HCE (broken, lost vacuum, and selective coating damaged HCEs) and mirror (broken) status • Accounting for actual mirror cleanliness • Adjusting for actual solar field availability.
The following figures show the comparison between actual and modeled plant gross electric generation and between actual and modeled on-line parasitic loads versus gross generation. Figure 1 shows excellent agreement between the actual and projected gross solar electric generation; a number of days are marked as excluded days. These days were identified in the KJCOC data as days when there was some plant outage or other problems that resulted in less than full performance. It should 
Figure 1 Daily modeled versus actual gross solar electric generation
be noted that this chart includes every day of the year. SEGS VI did not take an annual outage during 1999. Table 1 shows how the model compared on a monthly and annual basis. The initial comparison includes all days and shows the model to be 1.5% high on an annual basis. The second comparison excludes the days that KJCOC identified as having availability issues (equipment or wind). In this case, the model is within 0.3% of the actual plant output. The final case depicts days with no fossil-fuel boiler operation. Here again, the predicted solar performance is within 2% of actual. Note that this comparison assumes 100% power plant availability. Some of the scatter in the results could be because KJCOC did not provide actual ambient temperature or wind data for 1999. The temperature and wind velocity data are used to estimate collector receiver thermal losses. The analysis used the Barstow typical meteorological year (TMY) wind and ambient temperature data that Luz used to model the SEGS plants. These are probably close on an annual basis, but will cause errors in individual days. In general, the comparison between actual and modeled gross solar electric generation appears to be excellent. Figure 2 shows the comparison of the modeled and actual on-line electric parasitics for the SEGS VI plant during 1999. The figure plots the total daily parasitics while the plant is on line against the total daily gross generation. Only days with solar-only operation are shown because boiler operation would affect both on-line and off-line parasitics. There is good agreement between the modeled and actual parasitics. On an annual basis for days without fossil-fuel boiler operation, the modeled on-line solar parasitics were within 1% of actual. Note that there appears to be a significantly larger scatter for the actual solar parasitics than for the modeled parasitics. This may be the result of operator differences or caused by parasitic loads having a stronger dependence on ambient temperatures. Table 2 shows the monthly and annual comparisons. Off-line parasitic loads were adjusted to match the parasitic loads for the SEGS VI plant. SEGS VI circulates the solar field HTF 24 hours per day to minimize thermal shocks to the trough receiver tubes and HTF pumps. This results in a relatively high off-line parasitic load.
Based on this analysis, the trough spreadsheet performance model appears to be an appropriate tool for modeling the performance of parabolic trough power plants. The input parameters can be changed to reflect design changes in plant design. Although the model includes thermal storage, this module has not been validated against a real plant; however, the module appears to be functioning correctly based on the output from the model. Capital Cost Model NREL has developed a detailed cost model for parabolic trough solar power plants. The model is a based largely on input from FSI, which supplied the mirrors for all of the Luz plants, and has been actively working to promote parabolic trough plants since Luz's bankruptcy in 1991 [2] . FSI has developed a detailed cost model based initially on the cost data from the Luz SEGS X project and later updated with more recent vendor quotes [7] . FSI provided cost data to NREL as part of its participation in the 1998 Parabolic Trough Road-Mapping Workshop [8] and updated the solar field costs under contract to NREL in 1999 [9] . The FSI cost model is very detailed and uses reference quotes for each cost element. When the quote is for a specific equipment capacity, the model uses scaling factors to adjust the costs for sizes other than the reference cases. The scaling equation takes the general form:
where: Cost1 is the reference cost for a piece of equipment of capacity C1 Cost2 is the predicted cost of the equipment at the desired capacity C2.
The exponent varies for each cost element and is calculated from two reference quotes; however, 0.7 is used for common equipment when only one quote is available. The cost data provided to NREL is a summarized version. All components that make up the collector structure, for example, are grouped into a single cost element. The NREL cost model uses the same scaling factor approach to adjust costs on the grouped expenses. The NREL cost model generally reproduces the FSI costs within a few percentage points. The cost data has been modified in a few places to better reflect the baseline parabolic trough system that would be built. Specifically, the collector model has been enhanced to account for different collector designs. The thermal storage costs are based on the Nexant thermal storage cost model [10] and adjusted for variations in thermal storage configuration as appropriate [11] . All variations from the Flabeg cost assumptions are detailed in the appropriate section below.
Land: A parabolic trough field uses approximately one hectare per 3,000 m 2 of collector area, or a coverage of factor of about 0.3 m 2 of collector for every 1.0 m 2 of land area. Site Works and Infrastructure: The site works and infrastructure includes general land preparation, roads, fences, and site infrastructures, such as firewater system, warehouse, and control building. The cost model assumptions are based on the FSI input. This category scales based on the size of the solar field.
Solar Field: The solar-field cost estimates are based on an updated cost assessment produced by FSI [9] . The cost estimate is based on the LS-3 collector design. Several adjustments are made to the collector cost to account for a specific collector design used:
• The number of receiver tubes, flex hoses, drives, sensors, and local controllers are adjusted per unit area of collector.
• The drive costs are adjusted to account for the collector size.
• The mirror, steel structure, pylons, header piping, and civil work costs are assumed to be the same on a per-squaremeter basis for different collectors. Heat Transfer Fluid (HTF) System: The HTF system includes the HTF pumps, solar heat exchangers, HTF expansion vessel, piping, valves, and instrumentation. HTF system costs scale based on the power-plant size, except for the HTF pumps, which scale based on solar-field size. The HTF costs are based on the FSI roadmap data. The later data was only appropriate for an ISCCS-type plant.
Thermal Energy Storage (TES): The thermal storage costs are based on the detailed design study performed by Nexant for a two-tank, molten-salt storage system [10] . Thermal storage tanks and costs are based on detailed data from Solar Two and Solar Tres. The heat exchanger costs are based on manufacturer quotes. Storage costs were broken into mechanical equipment (pumps and heat exchangers), tanks, nitrate salt, piping, instrumentation and electrical, and civil and structural. The mechanical equipment and piping, instrumentation, and electrical costs were scaled by power-plant size. The tank, salt, and civil costs were scaled by storage volume. All storage costs assume a scaling factor of 1.0, so a storage system twice as big costs twice as much. Thermal storage tank and salt costs are consistent between the trough and tower designs. The trough thermal storage system must be approximately three times as big as the tower storage system (both in tank size and volume of salt required) to store as much energy because of the much lower temperature difference between the fluid in the hot and cold tanks in the trough plant.
Power Cycle: The power cycle includes the steam turbine and generator and all condensate and steam cycle equipment including pumps, heat exchangers, piping, valves, instrumentation, and controls. The FSI studies [2] have the most recent Rankine steam-cycle cost data for the systems used in trough designs.
Balance of Plant: The BOP includes other power plant systems, such as cooling towers, water treatment and storage, electrical, and control systems.
Contingencies: Contingencies of 10% are included for all costs, except the solar field (5%), structures and improvements (20%), and thermal storage. The cost of the solar field is very well understood at this point. The larger contingency for structures and improvements is included to account for potential differences in site preparation. Nexant included cost contingencies separately in the thermal storage.
Indirect Costs: Indirect costs include services, project costs, and management reserve. The indirect cost assumptions were based on input from Nexant. Service costs include project management, project engineering, and construction management services. Project costs include permits and licenses, utility connections, and telecommunication links. No interest during construction is included; this is accounted for in the financial model.
O&M COST MODEL
The O&M cost model is an expansion of the work presented in the KJCOC O&M cost reduction study [12] . The model builds on the KJCOC methodology for O&M of largescale parabolic trough power plants. The O&M costs are broken into categories of labor, spare parts, and equipment and into administration, operations, power block maintenance, and solar field maintenance. The overall staffing levels and costs are based on assumptions provided by KJCOC. Solar field spare parts requirements are based on actual maintenance experience at KJCOC. The trough receiver replacement rate is the key solar field spare part, and appropriate assumptions can be adjusted for specific case. The power plant spare part requirements are assumed to be 0.4% of the system capital cost on an annual basis. This is partially an accrual for major plant maintenance overhauls to be conducted every 5 to 10 years. The model also included service contracts, water costs, and miscellaneous administrative costs. The model predicts O&M costs similar to those at the KJCOC facilities.
FINANCIAL MODEL
The model assumes a financial structure of an independent power producer (IPP) project. This is the type of structure used in the SEGS projects and is the most likely project structure for future trough power projects. Kistner [13] provides a good overview of IPP project financial methodology. The NREL financial model is a 30-year cash-flow model adapted from the Wiser and Kahn [14] wind model for IPP projects. The model has been modified to allow 30-year project life and account for solar specific tax incentives. The model calculates the levelized cost of energy (LCOE) and can be used to optimize the IPP financial structure to minimize the real LCOE.
ANALYSIS EXAMPLE
The primary advantage of the NREL trough simulation model is that it integrates the capital cost, O&M cost, performance and financial constraints into a single model. This allows detailed design or project optimizations to be carried out where all interactions between cost and performance can be accounted. The NREL model has proven to be a valuable tool for the CSP trough program R&D analysis and has been used extensively over the past few years to guide R&D program direction. This section highlights one recent study that used the NREL model.
Thermal Energy Storage Optimization
In a recent study by Kearney [15] , the NREL trough model was used to optimize the design of a two-tank indirect moltensalt thermal energy storage system. The analysis determined the optimum solar field size and heat exchanger areas for various thermal energy storage capacities. A 50-MWe SEGS plant was simulated with 2, 4, 6, 9, and 12 hours of TES. For each storage size, system designs were developed for heat exchangers with log mean temperature differences (LMTD) of 2 to 15°C. The analysis identified the heat exchanger LMTD design and solar field size that provided the lowest cost of energy for each size of TES. In general, the lowest investment cost thermal storage system does not offer the lowest cost of energy because of the affect of the TES system on plant efficiency. TES Design Assumptions: Nexant [16] developed the TES system costs, solar field return temperatures, and power cycle efficiencies for the analysis. Nexant also provided TES thermal loss assumptions in the study. Table 3 provides general design data for the 6-hour storage system. Parabolic Trough Plant Assumptions: The parabolic trough plant design is based on assumptions for a near-term plant using LS-2 solar collectors and Solel UVAC receivers. General trough plant assumptions are shown in Table 4 for a sample plant with 6 hours of TES and a heat exchanger LMTD of 7°C. Note that the power cycle efficiency is different depending on whether the thermal input comes from the solar field or the TES system.
Capital and O&M Cost Assumptions: The capital cost and O&M costs as estimated by the NREL cost models for the 6-hour storage case are shown in Tables 5 and 6. TES Dispatch Strategy: The plant was assumed to operate to dispatch energy to a summer afternoon peak period and a winter evening peak period. The model uses a fairly simple dispatching strategy, which was not fully optimized for each run. An improved dispatch strategy would probably result in reduced dumping of energy and improve the cost of energy for some of the plant configurations.
Power Plant Operations: During normal operation at the SEGS plants, the solar fields and the power plant are operated to maximize net solar electric output. The solar field temperature is dropped in the winter because the power plant is operated at a lower load and the higher temperatures are not required to maintain the minimum required steam superheat. In the summer, steam cycle feedwater heaters are often bypassed to reduce the amount of solar field dumping. The turbine cycle is allowed to operate at about 115% of design output when excess solar energy is available. In the TES analysis, we limited the turbine output to 100% of design. We will consider a second case later where the turbine cycle is allowed to go to 115% of design point. 
Optimization
The performance model was run with Kramer Junction 1999 insolation data to evaluate TES designs for the 50-MWe trough plant. A parametric analysis was carried out to determine the optimum solar field size for each TES capacity and heat exchanger configuration (LMTD). Figure 2 shows the solar field size optimization for a system with 6 hours of storage. Figure  2 ). Using the optimum solar field size for each case, Figure 3 shows the levelized energy cost for each heat exchanger/TES design for different storage capacities. The optimum TES heat exchanger LMTD is highlighted for each storage capacity. Adding thermal storage clearly reduces the LCOE. Larger TES capacities are optimized with lower LMTDs.
To help in understanding these results, it can be instructive to look at more detailed design and performance results from the model. Table 7 shows a summary of the optimized designs for the no-storage case and the 6-hour thermal storage case. The plant with storage has a larger solar field. The optimum heat exchanger LMTD is 7°C. The capital cost of the plant with 6 hours of TES is 54% higher, but it produces 62% more energy and has a lower O&M cost per kilowatt-hour generated. The resulting cost of energy is 10% lower with 6 hours of storage.
LCOE, $/kWh
Levelized Cost of Energy ($/kWh) calculated on an hourly basis within the performance model.
0.115
The annual efficiency is based on the total annual direct normal beam radiation from the sun. The incidence angle factor plant will be operating more hours during the year and leaving less downtime opportunities for doing maintenance. However, thermal storage also provides a buffer between the solar field Annual Solar to Electric Efficiency 12.4% 13.2% and power plant and could reduce availability losses due to short-term power plant outages or deratings. Solar field energy COE, $/kWh 0.1223 0.1095 cases. The system with thermal storage has two types of losses:
7 that might otherwise be lost can be stored for later generation. Multiplying out all these factors gives the annual efficiency for each system. The annual efficiency is higher for the plant with thermal storage. These two cases that are being compared are the optimum designs for each. This means that the solar fields have been sized to provide the minimum cost of energy for that plant design. Clearly, the solar field size could be reduced in the nostorage case to reduce the losses of excess energy to the power plant. This might result in a higher annual solar-to-electric efficiency; however, it would also result in a higher cost of electricity. It was previously noted that the turbine was limited to 100% of design gross electric output in this analysis. In actual operational practice, the operators of the SEGS plants routinely operate the plants up to 115% of design output when sufficient solar input exists. Figure 4 highlights the effect of allowing the turbine to operate up to 115% of design. The plant designs for the 115% curve are not the same as the 100% curve. The solar field sizes were re-optimized and are larger in the 115% cases. Allowing the plant to operate at higher output is comparable to reducing the capital cost of the power plant. The impact is largest for the case without thermal storage, because the solar field can be increased the most. In this case, the benefit of adding thermal storage is reduced if the plant is allowed to operate above design output. 
Hours of TES

Figure 4 Impact of Turbine Maximum Operational Load
This thermal storage design optimization study provides a good example of why the NREL model is valuable. The optimization includes complex interactions in components that affect the capital and O&M cost and the system performance. The size of the TES heat exchanger affects the TES system cost, the solar field return temperature, and the power cycle supply temperature. The TES cost is impacted by the heat exchanger cost, but also the resulting temperature difference between the hot and cold tank, which affects the physical volume, required for storing a fixed amount of thermal energy. The solar field return temperature impacts the resulting solar field heat losses and HTF pumping parasitics. The power cycle supply temperature affects the power cycle efficiency and resulting electric output. Even operating constraints, such allowing the turbine to operate above rated output, can significantly impact the optimum design.
CONCLUSIONS
NREL has developed a parabolic trough model that integrates system capital and O&M cost, plant performance, and economic analysis. This provides an important tool that has been used to assess the value of R&D efforts, help optimize plant designs, and support commercial project development efforts. The annual performance calculated by the model has been validated against actual operating data from the one of the existing SEGS plants.
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